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.2012.09.Abstract The study aims to predict the physical properties of Egyptian crude oils using modiﬁed
Soave–Redlich–Kowng equation of state. The modiﬁcation was theoretically developed and then
performed by using data of 43 black oil samples representing all active oil producing areas of Egypt.
The equation enables to predict the bubble-point pressure, oil formation volume factor, gas–oil
ratio, oil density, crude oil gravity, gas gravity and gas formation volume factor of black oils with
average relative errors ranging from 0.01% to 10.713%.
Calculation sensitivity of the proposed MSRKE is determined by testing four oil samples col-
lected from different locations in Egypt and comparing the measured PVT properties with those cal-
culated from MSRKE. These evaluations show an excellent agreement between the measured
properties and calculated ones.
The estimation of reservoir liquid and gas properties fromMSRKE is often needed when detailed
laboratory PVT data are not available.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Pressure–volume–temperature (PVT) properties are the gen-
eral term used to express the volumetric behavior of a reservoir747847; fax: +20 2 22747433.
o.com (E.M. Mansour).
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005ﬂuid as a function of pressure and temperature [1]. The PVT
properties depend on pressure, temperature, and chemical
composition where the chemical composition of crude oil dif-
fers from region to another [2]. PVT properties are very crucial
for geophysics and petroleum engineers, namely for the utiliza-
tion in material balance calculations, inﬂow performance cal-
culations, well log analysis, determining reserve estimates
and the amount that can be recovered, the ﬂow rate of oil or
gas and numerical reservoir simulations [3–5]. PVT physical
properties of primary interest in petroleum studies include
bubble-point pressure, oil formation volume factor, solution
gas/oil ratio, oil density, crude oil gravity, gas gravity and
gas formation volume factor [6]. These properties could be
obtained by experimental measurements on representativehosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Nomenclature
List of symbols
EOS equation of state
BWR Benedict–Webb–Rubin
RK Redlich–Kwong
SRK Soave–Redlich–Kwong
MSRKE modiﬁed Soave–Redlich–Kwong equation of
state
p system pressure (psia)
T system temperature (F)
Tc critical temperature
Tr reduced temperature
Pc critical pressure
R gas constant (10.73 psi-ft3/lb-mol)
Vm volume (ft3/mol)
a equation of state attraction parameter
b equation of state co-volume parameter
C third virial coefﬁcient
B second virial coefﬁcient
a, b, c, A0, B0 constants in Beattie and Bridgeman equation
of state
a, b, c, A0, B0, C0 constants in Benedict–Webb–Rubin
equation
fVi fugacity of component i in the gas phase
fLi fugacity of component j in the liquid phase
x mole fraction of gas phase
y mole fraction of liquid phase
k equilibrium ratio for the component
kij unlike interaction parameter
A, B parameter in Soave–Redlich–Kwong equation of
state
a non-sphericity parameter in various equations of
state
aT temperature-dependent coefﬁcient in Soave–Red-
lich–Kowng equation of state
ac constant coefﬁcient in Soave–Redlich–Kowng
equation
aTi temperature dependent coefﬁcient of component i
aTj temperature dependent coefﬁcient of component j
Z compressibility factor
P
summation
m parameter in Soave–Redlich–Kwong equation of
state
API American Petroleum Institute ()
MWo molecular weight of stock tank oil
BP bubble point (psia)
GOR gas oil ratio (SCF/STB)
Er average percent relative error
nd number of data points
S standard deviation
r the correlation coefﬁcient
w.s. well stream
psi pound/square inch
psia pound/square inch absolute
Greek letters
q density
£Vi fugacity coefﬁcient of component i in the vapor
phase
£Li fugacity coefﬁcient of component i in the liquid
phase
x a centric factor
c constant in Benedict–Webb–Rubin equation
cg ﬂashed gas gravity
co ﬂashed oil gravity
Superscripts
L liquid phase
V gas phase
Subscripts
i component in the gas phase
j component in the liquid phase
0 denotes component; reference system
c critical
m mixture
g gas
o oil
res reservoir
138 E.M. Mansour et al.samples of crude oils, but, sometimes because of lack of
experimental data, the values of reservoir ﬂuid properties
would be necessary. Actual data unavailability may be because
of sampling cost, uncertainty of measurements or obtained
data, inaccessibility of ﬂuid samples of reservoir hydrocarbon
or disability of samples obtaining [7]. Therefore, in case of the
absence of the experimental measurements of PVT properties,
it is necessary to use the empirically derived correlation or equa-
tion of state (EOS) [8,9]. Theoretical computations, collectively
known as oil-system correlations (or PVT correlations), based
on easily measurable parameters, are used for the prediction
of reservoir ﬂuid properties. Such parameters include tempera-
ture, pressure, solubility, and API and gas gravity [10]. The
development of correlations for PVT calculations has been the
subject of extensive research, resulting in a large volume of pub-
lications. The successes of such correlations are not reliable
predictions and they depend mainly on the range of data atwhich they were originally developed and the geographical
area with similar ﬂuid compositions and API oil gravity. Fur-
thermore, PVT correlations are based on easily measured ﬁeld
data, such as reservoir pressure, reservoir temperature, and
oil and gas speciﬁc gravity. The currently available PVT sim-
ulator predicts the physical properties of the reservoir ﬂuids
with varying degree of accuracy based on the type of the used
model, the nature of ﬂuid and the prevailing conditions [11].
Petroleum engineers have traditionally used EOS to predict
the volumetric and phase behavior of a wide variety of reser-
voir ﬂuids.
This predictive tool is of great importance during the eval-
uation of newly discovered reservoirs, in the design and the
management of oil recovery projects during the various stages
of the reservoir exploitation [12]. The Soave–Redlich–Kowng
equation of state becomes one of the most widely used and ac-
cepted models for petroleum ﬂuid properties prediction. Many
Predicting PVT properties of Egyptian crude oils by a modiﬁed Soave–Redlich–Kowng equation of state 139articles in the literature discussed the use of EOS models for
predicting PVT reservoir ﬂuid properties.
1.1. Equations of state
Extensive efforts had been made in the past two decades to im-
prove the performance of EOS. These include the move from
two-constant to three-constant equations to enhance the accu-
racy of volumetric calculations.
One of the earliest attempts to represent the behavior of
real gases by an equation was that of van der Waals who pro-
posed the following expression for PVT relationship [13].
pþ a
V2M
 
ðVM  bÞ ¼ RT ð1Þ
where p is the system pressure (psi), T is the system tempera-
ture, R is the gas constant (10.73 psi-ft3/lb-mol), V is the vol-
ume (ft3/mol), a is the attraction parameter and b is the
repulsion parameter. The symbol a is considered a measure
of the intermolecular attractive forces between the molecules.
b is known as the co-volume and considered to reﬂect the vol-
ume of molecules [6]. Other researchers began attempts to im-
prove van der Waals equation of state. These attempts have
continued for over 100 years. Clausius proposed that the
molecular attraction term is inversely proportional to
temperature.
pþ a
TðVM þ cÞ2
" #
ðVM  bÞ ¼ RT ð2Þ
The addition of the fourth constant, c enables better agreement
with data. However, mathematical manipulations required in
the thermodynamic calculations are more difﬁcult. So Berthe-
lot removed the constant c, resulting in Eq. (2).
pþ a
TV2M
 
ðVM  bÞ ¼ RT ð3Þ
Dieterici handled the temperature dependence of the molecular
attraction term in a different manner as follows.
Pexp
a
VMRT
  
ðVM  bÞ ¼ RT ð4Þ
Lorentz addressed the molecular volume term as follows.
pþ a
V2M
 
VM  bVM
VM þ b
 
¼ RT ð5Þ
Wohl considered the effect of temperature on the molecular
attraction term.
Pþ a
TVMðVM  bÞ 
c
T2V3M
 
ðVM bÞ ¼ RT ð6Þ
The constants a, b, and c in the equations above have different
values for different substances. Several investigations proposed
virial-type of EOS. Kammerlingh-Onnes proposed the virial
equation of state as the following [14].
PVM ¼ RT 1þ B
VM
þ C
V2M
þ   
 
ð7Þ
And are called the second, third, etc. virial coefﬁcients. Beattie
and Bridgeman published a ﬁve constant equation that gives asatisfactory representation of volumetric properties except in
the critical region [15].
P ¼ RT
VM2
1 c
VMT
3
 
VM þ Bo 1 b
VM
  
 Aoð1a=VMÞ
VM
ð8Þ
Benedict suggested a multi-parameter equation of state, known
as the Benedict–Webb–Rubin (BWR) equation:
P ¼ RT
VM
þ BoRT Ao  Co=T
2
V2M
þ bRT a
V3M
þ aa
V6M
þ c
T2V3M
1þ c
V2M
 
exp
c
V2M
 
ð9Þ
This equation may be considered a modiﬁcation of the Beat-
tie–Bridgeman equation of state, where A0, B0, C0, a, b, c, a,
and c are eight adjustable parameters. The BWR equation
suffers from disadvantages [16,17,12]. Perhaps, the most
important model for the modiﬁcation of the van der
Waals equation of state is the Redlich–Kwong (RK) equa-
tion. The Redlich–Kwong cubic equation of state is the ﬁrst
equation which has been successfully applied to the predic-
tion of the vapor phase properties [18,19]. It is the precursor
of a family of simple and relatively precise equations of
state.
q ¼ RT
V b
a
VðVþ bÞ ﬃﬃﬃTp ð10Þ
where P is the pressure, T is the temperature, V is the molar
volume, R is the gas constant. a and b are the Redlich–Kwong
parameters. One of the most commonly and widely applied cu-
bic equations of state was reported by Soave–Redlich–Kwong
(SRK). Soave replaced the term (a/T0.5) in Eq. (10) with a
more general temperature-dependent term, denoted by aa(T),
to give [6]
q ¼ RT
V b
aaðTÞ
VðVþ bÞ ð11Þ
where the correction parameter a(T) is deﬁned by the following
relationship:
a ¼ ½1þmð1
ﬃﬃﬃﬃﬃ
Tr
p
Þ2 ð12Þ
Soave correlated the parameter m with the centric factor, x, to
give
m ¼ 0:480mþ 1:574- 0:176-2 ð13Þ
# For pure substances the equation parameters a and b are
usually expressed as
b ¼ 0:08664RTc=Pc ð14Þ
a ¼ 0:42747R2T2c=Pc ð15Þ
A ¼ ðaaÞP
RT2
ð16Þ
B ¼ bP
RT
ð17Þ
# For mixtures the equation parameters a and b are usually ex-
pressed as am and bm.
Calculate am and bm for a hydrocarbon liquid mixture with
a composition of xi
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X
i
X
j
½XiXj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aiajaiajð1 kijÞ
q
 ð18Þ
bm ¼
X
i
½Xibi ð19Þ
Calculate am and bm for a hydrocarbon gas mixture with a
composition of yi
ðaaÞm ¼
X
i
X
j
½yiyj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aiajaiajð1 kijÞ
q
ð20Þ
bm ¼
X
i
½yibi ð21Þ
B ¼ bmp
RT
ð22Þ
A ¼ ðaaÞmPðRTÞ2 ð23Þ
Replacing the molar volume, V, in the equation with (ZRT/p)
and rearranging give the compressibility factor of gas and li-
quid phases.
Z3  Z2 þ ðA B B2ÞZ AB ð24Þ
The equilibrium ratio, Ki that is, Ki = yi/xi, can be redeﬁned in
terms of the fugacity of component.
Ki ¼
fLi =ðXiPÞ
 
½fVi =ðyiPÞ
¼ U
L
i
UVi
ð25Þ
Soave proposed the following expression for the fugacity coef-
ﬁcient of component i in the liquid phase.
ln
fLi
XiP
 
¼ lnðULi Þ
¼ biðZ
l  1Þ
bm
lnðZL  BÞ
 A
P
 
2wi
ðaaÞm
 bi
bm
 
ln 1þ B
ZL
 
ð26Þ
where:
wi ¼
X
i
½Xi
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aiajaiajð1 kijÞ
q
 ð27Þ
bm ¼
X
i
½Xibi ð28Þ
And the following expression for, the fugacity coefﬁcient of
component i in the gas phase:
lnð/jÞ ¼
biðZi  1Þ
bm
 lnðZi  BÞ
 A
B
 
2wi
ðaaÞm
 bi
bm
 
ln 1þ B
Zi
 
ð29Þ
where:
wj ¼
X
j
½yj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aiajaiajð1 kijÞ
q
 ð30Þ
ðaaÞm ¼
X
i
X
j
½yiyj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aiajaiajð1 kijÞ
q
 ð31ÞGroboski and Daubert proposed a new expression for cal-
culating parameter m. The proposed relationship, originated
from analyzing extensive experimental data for pure hydrocar-
bons, has the following form.
m ¼ 0:48508þ 1:55171- 0:15613-2 ð32Þ
Sim and Daubert pointed out that, because the coefﬁcients
of equation (32) were determined by analyzing vapor pressure
data of low-molecular-weight hydrocarbons, it is unlikely that
Eq. (32) will sufﬁce for high-molecular-weight petroleum frac-
tions. Realizing that the centric factors for the heavy petro-
leum fractions are calculated from an equation such as the
Edmister correlation or the Lee and Kesler correlation, the
authors proposed the following expressions for determining
parameter m, as follows [6].
m ¼ 0:431þ 1:57- 0:161-2 ð33Þ1.2. Determining the accuracy of Soave–Redlich–Kwong
equation of state
In order to determine the accuracy of SRKE along with m-
parameter formula, data of 43 PVT crude oils analysis stud-
ies (13 surface crude oil samples and 30 bottom hole crude
oil samples) were employed. These data were collected from
the literature for different oil well locations in Egypt and
plotted in Fig. 1. This ﬁgure shows a very big variation in
data ranges of bubble point, gas oil ratio, oil gravities,
C7+, reservoir pressures, reservoir temperatures, molecular
weights of well stream, gas speciﬁc gravities and oil speciﬁc
gravities.
The data were statistically treated and the results are given
in Table 1. It shows the basic characteristics of the collected
Egyptian black oils, which comprise the values of arithmetic
mean, maximum, minimum and standard deviation for the
43 crude oil sample.
The above data were used to determine the accuracy of the
SRKE, and results are plotted in Fig. 1.
This ﬁgure shows that the average relative errors between
experimental K-values and the calculated ones are ranged from
111% to 55%. This error cannot be accepted to simulate
PVT data.
1.3. Modiﬁcation of Soave–Redlich–Kwong equation of state
Simulation of PVT data requires an accurate equation of state
to predict reservoir parameters with minimum errors so m-
equation needs for modiﬁcation to improve the accuracy of
SRKE. The term MSRKE will pertain to the modiﬁed
Soave–Redlich–Kwong equation of state.
A new form of the m-correlation is only a function of the
centric factor (x) and is dependent on oil sample properties
such as reservoir pressure and reservoir temperature.
The adjustment procedure is listed in the following steps:
(I) m-Equation expressed by Eq. (32) is proposed as
follows.
Modified m ¼ a1 þ a2wþ a3w2 ð34Þ
(II) The parameter a1 is mathematically expressed by.
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Figure 1 Variations in the physical properties of the 43 Egyptian PVT-studied crude oils.
Table 1 Statically treated data ranges of Egyptian studied black oils.
PVT property Maximum value Minimum value Standard deviation Average
Pres (psi) 10280.0 1106.0 1759.3 4016.8
Tres (F) 290.0 120.0 43.1 222.6
C7+w 0.78257 0.21258 0.16155 0.43192
MW w.s. 171.77 60.18 31.28 99.04
cg 1.2720 0.6777 0.1570 0.9941
co 0.9499 0.7908 0.0405 0.8433
BP (psi) 3500.0 3500.0 928.3 1580.5
GOR (SCF/STB) 1662.1 45.2 451.0 633.5
API 47.4 17.5 7.7 36.6
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-20
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Figure 2 Error % between experimental K-value and calculated K-value from SRKE.
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where X is a function of pressure and temperature and deﬁned
by
X ¼ logðP=TÞ3 ð36Þ
Fitting of the data listed in Fig. 2 with Eqs. (33)–(35) values
of the constants b1, b2, b3, a2 and a3 are.
b1 ¼ 0:07578; b2 ¼ 2:28353; b3 ¼ 0:86057; a2
¼ 0:10827; a3 ¼ 0:1104 ð37ÞThe resulting average relative errors are plotted in Fig. 3, from
which the errors were ranged from 0.01% to 10.713%.
2. Experimental
Four different oil samples were obtained from different Egyp-
tian oil companies. The physical properties of the samples are
given in Table 2.
The PVT analysis consists of (1) sample validation test, (2)
primary test, (3) constant mass depletion (CMD) and (4) dif-
ferential liberation.
02
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Figure 3 Error % between experimental K-value and calculated K-value of MSRE.
Table 2 Physical properties of tested sample.
Sample ID Pres (psi) Tres (F) API
SS1 4289 246 34.34
SS2 6395 278 44.32
BH1 1356.6 159 27.97
BH2 4318 251.6 40.35
Figure 4 Schematic of PVT cell.
142 E.M. Mansour et al.2.1. Sample validation test
Validation test is carried out by measuring opening pressures
of surface sample at separator temperature or bottom hole
sample at reservoir temperature. If the difference between bot-
tle pressure and operating one is less than or equal to 2% of
the operating pressure, the sample is valid and analysis is
continued.
2.2. Primary test
For surface sample, a portion of separator oil is ﬂashed to
standard conditions (14.73 psia and 60 F) and the dissolved
gas oil ratio, properties of dissolved gas and stock tank oil,
and separation gas are measured.
For bottom hole sample, a portion of the homogenous oil
was ﬂashed and properties of gas and oil are determined.
The density and API gravity of the stock-tank oil were mea-
sured using density meter. The gas and oil composition was
measured using chromatography analyzer.
3.3. Constant mass depletion (CMD)
Constant mass depletion experiments were performed to simu-
late the pressure/volume relations of these hydrocarbon sys-
tems. The test objective is to determine bubble-point
pressure, relative volume, density and oil formation volume
factor above bubble-point pressure, by charging the ﬂuid sam-
ple (oil and gas) into a visual PVT cell (Fig. 4) at reservoir tem-
perature and at a pressure greater than the reservoir pressure.
The cell is agitated regularly to ensure that the contents are
homogenous. The pressure is then reduced in steps at constant
temperature by removing mercury from the cell, and thechange in the total hydrocarbon volume is recorded for each
pressure increment.
2.4. Differential liberation
The differential liberation test is considered to describe the sep-
aration process taking place in the reservoir. The test is carried
out on the reservoir oil samples and involves charging a visual
PVT cell with a liquid sample at the bubble-point pressure and
at reservoir temperature. The cell is agitated regularly to en-
sure the equilibrium between gas and oil. The pressure is re-
duced in steps, and all the liberated gas is removed and its
volume is measured at standard conditions. The volume of
oil remaining is also measured at each pressure level. This step
is continued to standard conditions (60 F and 14.73 psia). The
experimental data obtained from this test include solution
Predicting PVT properties of Egyptian crude oils by a modiﬁed Soave–Redlich–Kowng equation of state 143gas–oil ratio, gas gravity, gas formation volume factor, oil den-
sity and oil formation volume factor below bubble point
pressure.
2.5. Statistical error analysis
The accuracy of MSRKE is determined by studying the
statistical errors. The error analysis comprises the average per-
cent relative error, standard deviation and correlation
coefﬁcient.
2.5.1. Average percent relative error (Er)
The average percent relative error is an identiﬁcation of rela-
tive deviation of the predicted value from the experimental va-
lue in percent, as Eq. (36)
Er ¼ 1
nd
Xnd
1
Ei ð38Þ
where
Ei ¼ Xexp  Xcst
Xexp
 
i
 100 ði ¼ 1; 2; . . . ; ndÞ ð39Þ
The lower the value the more equally distributed is the error
between positive and negative values.
2.5.2. Standard deviation (s)
The standard deviation is a measure of dispersion of predicted
errors by a correlation, and it is expressed as Eq. (38).
S ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
nd 1
r Xnd
1
ðEi  ErÞ2 ð40Þ
A lower value implies a smaller degree of scatter around the
average calculated errors.
2.5.3. Correlation coefﬁcient (r)
The correlation coefﬁcient, r, represents the degree of success in
reducing the standard deviation by regression analysis. The cor-
relation coefﬁcient lies between 0 and 1. A value of 1 indicates a
perfect correlation whereas a value of 0 implies no correlation at
all among the given variables. The larger the value of r, the great-
er is the reduction in the sum of squares of errors, and the stron-
ger is the relationship between the independent variable and the
dependent ones. It is expressed as Eq. (39).
r ¼
ﬃﬃﬃ
1
p

Xnd
1
½Xexp  Xcst2i =
Xnd
1
½Xexp  X2i ð41Þ
where
X ¼ 1
nd
Xnd
1
½Xexpi ð42Þ3. Results and discussion
The accuracy of the proposed MSRKE is determined from the
comparison between the results of experimental work and cor-
responding values calculated from MSRKE. Four oil samples
were tested to PVT analysis (2-bottom hole samples and 2-sur-
face samples). They were collected from different locations in
Egypt. Discussions are given here below:3.1. Oil relative volume
Fig. 5a–d shows the results of the reservoir oil relative volume
versus pressure at reservoir temperature for the studied four
wells X1, X2, X3 and X4, respectively.
This property is determined from constant-mass (or con-
stant-composition) depletion stage. In each ﬁgure, dot-line rep-
resents oil relative volume from experimental data and the
solid-line represents oil relative volume predicted using the
MSRE. The plots show an excellent agreement between the
measured data and calculated ones. In addition, the bubble
point pressure was determined from each data plot (Table 3).
The relative volume is equal to 1 at the bubble point pres-
sure. It can also be observed that, the bubble point pressure is
strongly affected by changing temperature, gas oil ratio and
composition of gas and oil. It should be noted that no hydro-
carbon material is removed from the cell; therefore, the com-
position of the total hydrocarbon mixture in the cell remains
constant as the original composition.
By applying the statistical error analysis technique, the
resulting average percent relative error, standard deviation,
and correlation coefﬁcient of the oil relative volume for the
four samples above and below bubble point pressure are given
in Appendix A. These values ensure the accuracy of the
MSRE.
3.2. Oil formation volume factor
Fig. 6 shows the results of the oil formation volume factor
above and below bubble point pressure versus pressure for
the four wells X1, X2, X3 and X4.
The oil formation volume factor above bubble point pres-
sure was measured from constant-mass depletion stage while
below bubble point pressure measured from differential liber-
ation stage. In each ﬁgure, dot-line represents oil formation
volume factor from experimental data and the solid-line repre-
sents oil formation volume factor predicted using the MSRE.
It is indicated that, the oil formation volume factor above bub-
ble point pressure increases as the pressure deceased due to the
oil expansion. Continuous decreasing pressure leads to gas
releasing. Below bubble point pressure, a decrease in oil forma-
tion volume factor with decreasing pressure is related to the
liberation of gas. The amount of gas dissolved in the oil de-
creases with decreasing pressure till reaching standard condi-
tions, at which oil formation volume factor is equal to 1.
The statistical error analysis results as given in Appendix A
for the four samples above and below bubble point pressures
ensure a good agreement between the measured data and cal-
culated ones, and consequently emphasize the accuracy of the
MSRE.
3.3. Density
Fig. 7 shows the results of the densities versus pressures above
and below bubble point pressure for the studied four wells X1,
X2, X3 and X4.
The density above bubble point pressure was measured
from constant-mass depletion stage and below bubble point
pressure from differential liberation stage. The dot-lines repre-
sent density measurements and the solid-lines represent density
predicted using the MSRE. The ﬁgure indicates that, the
0
1
2
3
4
5
6
7
0 1000 2000 3000 4000 5000 6000
Pressure,Psi
R
el
at
iv
e 
vo
lu
m
e 
of
  
R
es
er
vo
ir 
O
il
Well ID=X1  (Experimental)
Well ID=X1  (Simulated)
BP=3659 PSIBP=3654.79 
(a)
0
1
2
3
4
5
6
7
8
0 1000 2000 3000 4000 5000 6000
Pressure,Psi
R
el
at
iv
e 
vo
lu
m
e 
of
  
R
es
er
vo
ir 
O
il
Well ID=X2  (Experimental)
Well ID=X2  (Simulated)
BP=1667.5 PSIBP=1622.5 PSI
(b)
0
1
2
3
4
0 500 1000 1500 2000 2500
Pressure,Psi
R
el
at
iv
e 
vo
lu
m
e 
of
  
R
es
er
vo
ir 
O
il
Well ID=X3  (Experimental)
Well ID=X3  (Simulated)
BP=348PSI
BP=318.7 PSI
(c)
0
2
4
6
8
10
0 1000 2000 3000 4000 5000
Pressure,Psi
R
el
at
iv
e 
vo
lu
m
e 
of
  
R
es
er
vo
ir 
O
il
Well ID=X4  (Experimental)
Well ID=X4  (Simulated)
BP=3341PSIBP=3340 PSI
(d)
Figure 5 Reservoir oil relative volumes versus pressure.
144 E.M. Mansour et al.densities decreases as the pressure increased above bubble
point pressure. At any pressure below the bubble point pres-
sure, the amount of gas dissolved in the oil will release with
further decreasing pressure. This will result in increase density
as shown in Fig. 8. By continuously deceasing the pressure tostandard condition (p= 14.7 psia and T= 60 F), the oil
remaining is called residual oil. The density of this oil is mea-
sured by density meter then API gravity is calculated. This API
gravity which is measured during differential liberation stage is
usually smaller than that of ﬂashed stage. It is important to
Table 3 Bubble point pressures of the studied samples.
Sample ID Pres (psi) Tres (F) API BP (psi) Flashed GOR (SCF/STB)
SS1 4289 246 34.34 3659 1155.26
SS2 6395 278 44.32 1667.5 425.9
BH1 1356.6 159 27.97 348 77.21
BH2 4318 251.6 40.35 3341 1735.02
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Figure 6 Oil formation volume factor versus pressure.
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Figure 7 Density versus pressure.
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Figure 8 Gas/oil ratio versus pressure.
Predicting PVT properties of Egyptian crude oils by a modiﬁed Soave–Redlich–Kowng equation of state 145note here that ﬂashing operation is conducted through one
step, while in case of differential liberation stage, separation
of oil must be passed through multi-pressure stages and there-fore more gas was liberated from each stage. Accordingly, the
density of oil from differential liberation stage is greater than
that obtained from ﬂashing operation.
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Figure 9 Gas formation volume factor versus pressure.
146 E.M. Mansour et al.The average percentage relative error, standard deviation
and correlation coefﬁcient are given in Appendix A for the
studied sample values above and below bubble point pressure.
The evaluation ensures that, the measured data are well agreed
with the calculated ones.
3.4. Gas/oil ratio
Fig. 8 shows the results of gas/oil ratio versus pressure for the
four wells X1, X2, X3 and X4.
Gas/oil ratio is measured from differential liberation stage.
For each well, dot-line represents gas/oil ratio from experimen-
tal data and the solid-line represents gas/oil ratio predicted by
the MSRE. Gas/oil ratios increase with increasing pressure at a
constant temperature. The gas/oil ratio which is measured dur-
ing differential liberation stage is greater than that of ﬂashed
gas/oil ratio. This is because the gas/oil ratio in a differential
liberation stage is calculated by summing the standard volumes
of the gas that is liberated in each pressure. Following this, at
each pressure interval, the sum of the gas volumes was divided
by the residual oil volume to get differential gas/oil ratio. In
case of calculating ﬂashed gas/oil ratios, the gas and oil are
ﬂashed at standard conditions (p= 14.7 psia and
T= 60 F). According to the following equation
flashed gas=oil ratio ¼ volume of gas standard condition
volume of oil standard condition
ð43Þ0.7000
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Figure 10 Gas graviAbove the bubble point pressure, gas/oil ratios are constant
because the composition of the produced reservoir ﬂuid is con-
stant until the bubble point pressure is reached.
An excellent agreement between the measured data and
calculated ones was obtained. The values of statistical tools
(average percentage relative error, standard deviation, and cor-
relation coefﬁcient) are listed in Appendix A, from which it can
be observed that the data of well: X1 results in good evalua-
tion. It shows an average percentage relative error ranging
from 4.09 to 6.18 and standard deviation ranged from 1.65
to 8.20. All the values of correlation coefﬁcient are close to 1.
3.5. Gas formation volume factor
Fig. 9 shows the results of the gas formation volume factor
versus pressure for the four wells X1, X2, X3 and X4.
The gas/oil ratios are measured in differential liberation
stage. In each ﬁgure, dot-line represents gas formation volume
factor from excremental data and the solid-line represents gas
formation volume factor predicted using the MSRE. The gas
formation volume factor is a measure of how much the gas vol-
ume increases from reservoir to standard conditions. The
changes in gas volume during production are larger than the
changes in oil volume. The gas volume increases approximately
as much as the pressure decreases. Above the bubble point pres-
sure, gas formation volume factor is constant because no gas is
librated. It can also be observed that there is an excellent agree-
ment between the measured data and calculated ones.2000 2500 3000 3500
ssure,Psi
Well ID=X1  (Experimental)
Well ID=X1  (Simulated)
Well ID=X2  (Experimental)
Well ID=X2  (Simulated)
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ty versus pressure.
Predicting PVT properties of Egyptian crude oils by a modiﬁed Soave–Redlich–Kowng equation of state 147The statistical error analysis results are given in Appendix
A, which clarify the compatibility between the measured data
and calculated ones.
3.6. Gas gravity
Fig. 10 shows the results of the gas gravity versus pressure for
the four wells X1, X2, X3 and X4.
These results were calculated from differential study test.
For each well, dot-line represents gas gravity from excremental
data and the solid-line represents gas gravity predicted using
the MSRE. As the pressure is further decreased, the content
of heavier compounds in the gas will increase. This is reﬂected
in increasing gas gravity with decreasing pressure.
4. Conclusion
Soave–Redlich–Kowng equation of state is the most com-
mon method for predicting PVT properties of oil ﬂuid prop-
erties at different reservoir conditions. Application of this
equation to 43 Egyptian black oil samples collected fromPhysical property Sample
ID
Average
percentage
relative error
Stander
deviation
Correlation
coeﬃcient
Oil relative volume X1 0.329 1.135 0.9785
X2 2.455 2.49 0.9806
X3 4.625 8.08 0.9767
X4 1.07 2.91 0.9844
Oil formation volume factor X1 3.26 0.385 0.9956
X2 3.06 0.725 0.9925
X3 1.415 0.225 0.9914
X4 3.93 0.895 0.9873
Density X1 4.815 0.120 0.9920
X2 1.895 0.130 0.9930
X3 0.625 0.169 0.9890
X4 0.690 0.515 0.9920
Gas oil ratio X1 5.07 1.65 0.9892
X2 4.09 3.02 0.9989
X3 6.18 6.32 0.9871
X4 5.28 8.20 0.9938
Gas formation volume factor X1 17.50 12.93 0.9872
X2 11.70 12.86 0.9924
X3 11.75 10.23 0.9901
X4 3.61 11.99 0.9948
Gas gravity X1 9.03 5.77 0.9975
X2 6.95 4.94 0.9802
X3 7.28 7.93 0.9969
X4 3.32 7.43 0.9953the literature results is very serious errors (ranging from
111% to 55%).
1. In this work a new modiﬁcation of Soave–Redlich–Kowng
equation of state for predicting PVT properties of Egyptian
black oils has been proposed. The modiﬁcation involvesproposing a new formula for m-parameter and the con-
stants were calculated from the real data of the different
types of Egyptian black oils.
2. Our modiﬁcation of Soave–Redlich–Kowng equation
reduces the errors from (111% to 55%) to (0.01–
10.713%) and consequently has better overall accuracy
than the modiﬁed Soave–Redlich–Kowng equation for all
the data considered in this study.
3. Calculation sensitivity of the proposed MSRKE is deter-
mined by testing four oil samples collected from differ-
ent locations in Egypt and comparing the measured
PVT properties with those calculated from the pro-
posed MSRKE. The evaluation shows an excellent
agreement between the measured properties and calcu-
lated ones.Appendix A. The following statistical error analysis of oil rel-
ative volume, oil formation volume factor, density, gas oil ra-
tio, gas formation volume factor and gas gravity is used to
determine the accuracy of the MSRKE.References
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